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ABSTRACT
Perfluoroalkyl substances (PFASs) such as perfluorocarboxylic acid (PFCAs) and perfluoroalkane sul-
fonates (PFSAs) are persistent, bioaccumulative, and toxic substances that are distributed worldwide. 
Here we investigated the current concentrations of PFASs in the surface sediments from the Seto 
Inland Sea, Japan. The concentrations of PFCAs in surface sediments from the Sea ranged from 
0.05 to 0.67 ng g−1. Perfluoroundecanoic acid (PFUnDA) was detected at all 15 sampling stations; its 
concentration was 0.05–0.24 ng g−1. Perfluorohexanoic acid (PFHxA), which is used as an alternative 
to perfluorooctanoic acid (PFOA), was detected in Osaka Bay and Kii Channel. The contamination 
of PFCAs in the sediment from Osaka Bay and Kii Channel is shifting to PFHxA. In contrast, only  
perfluorooctanesulfonic acid (PFOS) was detected at the center part of the bays in the Sea. The sig-
nificant positive correlation between the PFCAs concentrations in the sediment and the sedimentation 
rates was observed in the Sea. Hence, the concentration of PFCAs in surface sediments from the Sea 
was controlled by the sedimentation rate.

Keywords:	 perfluoroalkyl substance, perfluorocarboxylic acid, perfluorohexanoic acid,  
perfluoroundecanoic acid, persistent organic pollutant

INTRODUCTION

Perfluoroalkyl substances (PFASs) such as perfluorocar-
boxylic acid (PFCAs) and perfluoroalkane sulfonates (PF-
SAs) are widely used as non-stick cookware, waterproofing 
treatments in outdoor clothing, fabric, furniture and carpet, 
waterproof coatings for paper and cardboard, mist suppres-
sants in the metal plating industry and fire-fighting foams 
[1]. PFASs have been detected worldwide in surface water, 
groundwater, seawater, drinking water, and organisms [2–5], 
as PFASs are stable and persistent in the environment [6,7]. 
Due to their bioaccumulation through the food chain, PFASs 
have a negative impact on top predator species [8–10].

In 2009, perfluorooctanesulfonic acid (PFOS) was added 

to the Stockholm Convention listing of persistent organic 
pollutants, and the uses of PFOS are currently strictly con-
trolled. Perfluorooctanoic acid (PFOA) and other PFCAs are 
also regulated in the EU and Canada [11]. Along with these 
regulations, shorter-chain PFASs such as perfluorobutane 
sulfonic acid (PFBS) or perfluorohexanoic acid (PFHxS) 
are currently being developed as alternatives to long-chain 
PFASs [11]. The continuous monitoring and assessment of 
PFASs thus remains necessary.

The Seto Inland Sea is the largest semi-enclosed sea in 
Japan, with both a eutrophic area (facing one of the most 
industrialized and populated areas affected by terrigene-
ous loads) and an oligotrophic and less populated area. 
Monitoring of PFASs in coastal sea water and river water 
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in the Seto Inland Sea has been conducted [12–14], but few 
recent investigations of PFASs in sediments from this Sea 
have been reported. Sediments that have settled in enclosed 
water bodies are affected by significant terrigenous loads. 
Chemical pollution is thus closely associated with domestic 
and industrial activities in coastal areas.

The purposes of this study are to (1) determine the current 
concentrations of PFASs in sediments from the Seto Inland 
Sea, and (2) identify the factor(s) that may affect the PFASs 
concentrations of those surface sediments.

MATERIALS AND METHODS

Sediment and marine particulate matter sampling 
sites

Sediment and marine particulate matter samples were col-
lected from 15 stations in the Seto Inland Sea, Japan on 4th-
8th July or 14th-17th November in 2016 and 3th-7th July in 
2017 by a Hiroshima University training and research vessel, 
the Toyoshio Maru (Fig. 1). The coordinates of the sampling 
sites are shown in Supplemental Table S1. The Seto Inland 
Sea is a semi-enclosed sea approx. 450 km from east to west 
and 15–55 km from north to south, with an average depth of 
38 m. The sea is surrounded by three of Japanese five main 
islands (Honshu Island, Shikoku Island, and Kyushu Island) 
and contains more than 700 islands. The total area of the 
sea is 23,203 km2, and the catchment is one of the most in-
dustrialized and populated areas in Japan, with a watershed 
population of approx. 30 million.

Sampling procedures
The sediment core sampling was carried out using an 

undisturbed core sampler (11 cm dia., 50 cm long: HR type; 
Rigo, Osaka, Japan) on the training and research vessel. 

The collected cores were cut at 5-cm intervals on board the 
vessel. Each collected sediment sample was immediately 
transferred into a methanol-rinsed stainless steel container 
and stored in a refrigerator at 4°C before being transferred 
to the laboratory.

Sample extraction for the analysis of PFASs
Each weighed sediment sample (approx. 10 g-wet) was 

taken to a 50-mL glass tube; then, 40 μL of 100 μg L-1 
MPFAC-MXA containing perfluoro-n-[13C4]butanoic acid 
(MPFBA), perfluoro-n-[1,2-13C2]hexanoic acid (MPFHxA), 
perfluoro-n-[1,2,3,4-13C4]octanoic acid (MPFOA), perfluoro-
n-[1,2,3,4,5-13C5]nonanoic acid (MPFNA), perfluoro-n-
[1,2-13C2] decanoic acid (MPFDA), perfluoro-n-[1,2-13C2]
undecanoic acid (MPFUnDA), perfluoro-n-[1,2-13C2]dodeca-
noic acid (MPFDoDA), sodium perfluoro-1-hexane[18O2] 
sulfonate (MPFHxS), and sodium perfluoro-1-[1,2,3,4-13C4]
octanesulfonate (MPFOS) was purchased from Wellington 
Laboratories, Inc., Ontario, Canada as a surrogate and 20 
mL of methanol (LC/MS grade; FujiFilm Wako Pure Chemi-
cals, Osaka, Japan) were mixed together and the mixture was 
ultrasonicated for 15 min. After centrifugation at 3000 rpm 
for 10 min, the methanol phase was transferred to a 200-mL 
glass concentration tube. The PFASs in the residuals were 
extracted by adding 20 mL of the methanol to the residuals 
twice.

The extracts were combined together and concentrated to 
approx. 5 mL by purging a gentle high-purity N2 gas stream 
with the use of a pressured gas blowing concentrator (Turbo 
Vap II; Biotage, Uppsala, Sweden). The concentrated extract 
was filtered through a glass-fiber filter (GF/B; Whatman, 
Maidstone, UK) and the filtrate was transferred to a 200-
mL glass beaker. Next, 100 mL of ultrapure water and 10 
μL of 98% formic acid (special grade; FujiFilm Wako Pure 

Fig. 1  Sampling stations in the Seto Inland Sea, Japan.
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Chemicals) were added to the filtrate. Thereafter the filtrate 
was cleaned up by solid phase extraction using a sample 
pretreatment column (Presep PFC-II; FujiFilm Wako Pure 
Chemicals). The glass beaker was rinsed with 5 mL of ultra-
pure water, and the rinsed solution was also introduced to the 
Presep PFC-II column.

Successively, the retained PFASs were eluted by introduc-
ing 5 mL of a 0.1% ammonia/methanol solution to the Presep 
PFC-II column. The eluted PFASs solution was concentrated 
to approx. 1 mL by purging a gentle high purity N2 gas stream 
using the Turbo Vap LV pressured gas blowing concentrator. 
Finally, 10 μL of 100 μg L-1 13C8 - perfluorooctanoic acid 
(13C8 PFOA) (Wellington Laboratories) as a syringe spike 
was added to the concentrated solution to determine concen-
trations of PFASs.

Sample analyses
We analyzed the concentrations of PFASs in the extracts 

based on the report by Takemine et al. (2014) [13]. PFCAs 
and PFASs were determined by LC-MS/MS using a Xevo 
tandem quadrupole (TQ) MS (Waters, Milford, USA) 
coupled with an Acquity UPLC (Waters).We used 2 mol L−1 
of ammonium acetate (HPLC grade; FujiFilm Wako Pure 
Chemicals) and acetonitrile (LC/MS grade; Kanto Kagaku, 
Tokyo, Japan) as an eluent; they were delivered at a flow rate 
of 0.3 mL min−1. The gradient of the acetonitrile concentra-
tion was programmed as follows: 1% to 95% at 0–8 min, 
95% at 8–9 min, and 95% to 1% at 9.0–9.1 min. Total time 
for analysis was 10 min. The extract (5 μL) was injected onto 
a C18 column (ACQUITY UPLC BEH, 2.1×50 mm; Waters). 
The column temperature was set at 40°C. The tandem mass 
spectrometer was operated in the electrospray ionization 
mode (ESI-negative). The source temperature was set at 
150°C with 0.5 kV as the capillary voltage and 600°C as 
the desolvation temperature. The flow rates were as follows: 
desolvation gas (N2 gas), 1000 L h−1; cone gas (N2 gas), 50 L 
h−1, and collision gas (Ar gas) 0.15 mL min−1.

The instrumental limits of detection (LOD) were defined 
empirically as the concentration producing a signal to noise 
ratio of 3, and the limits of quantification (LOQ) were de-
fined as the concentration producing a signal to noise ratio 
of 10. The method limits of detection (MDL) and method 
limits of quantification (MQL) were determined from LODs 
and LOQs as described previously [15]. MDLs of PFCAs 
and PFSAs were 0.01 ng g−1 and 0.02 ng g−1 respectively. 
MQLs of PFCAs and PFSAs were 0.03 ng g−1 and 0.06 ng 
g−1 respectively.

Target compounds were quantified using the isotope dilu-

tion method for the corresponding MPFAC-MXA according 
to a formula described previously [13]. The average surrogate 
recoveries for all samples were as follows: perfluorobutanoic 
acid (MPFBA) (71.4%), MPFHxA (74.9%), MPFOA (71.0%), 
perfluorononanoic acid (MPFNA) (79.1%), perfluorodeca-
noic acid (MPFDA) (72.9%), MPFUnDA (71.0%), perfluo-
rododecanoic acid (MPFDoDA) (66.5%), perfluorohexane 
sulfonate (MPFHxS) (95.6%), and MPFOS (102%).

RESULTS AND DISCUSSION

The concentrations of PFCAs in the sediment sam-
ples

The concentrations of PFCAs in the surface sediments 
from the Seto Inland Sea ranged from 0.05 to 0.67 ng g−1 
(Table 1 and Fig. S1). Higher concentrations of PFCAs were 
observed at stations HA-2 (0.63 ng g−1) and O-4 (0.67 ng 
g−1) compared to the other stations (0.05–0.49 ng g−1). The 
PFTeDA was not quantified except for stations O-1 (0.08 ng 
g−1) and O-2 (0.06 ng g−1). The concentrations of PFPeA and 
PFOcDA were below the limit of detection (< 0.01 ng g−1) 
or the limits of quantification (< 0.03 ng g−1) at all sampling 
stations. In contrast, PFUnDA was detected at all sampling 
stations, and its concentration ranged from 0.05 to 0.24 ng 
g−1. Compared to the recently obtained concentrations of 
PFCAs in sediments from different areas around the world 
(Table 2), the concentrations of PFCAs in surface sediments 
from the Seto Inland Sea collected in this study were the 
same or lower compared to those from different areas around 
the world.

The percent compositions of PFCAs in the surface sedi-
ments from the Seto Inland Sea are illustrated in Fig. 2. The 
PFNA was a relatively high component at 29.1%–47.5% of 
the total PFCAs at the western sampling stations (Stns. A-1 
to HI-1) compared to the other stations; i.e., PFNA was a mi-
nor component at 0%–16.5% of the total PFCAs at the middle 
and eastern sampling stations (Stns. B-1 to K-1). PFHxA was 
characteristically detected at the inner part of Osaka Bay 
(Stns. O-1, O-M1 and O-2) and the Kii Channel (Stns. K-0 
and K-1). PFHxA is currently used as an alternative to PFOA, 
and our PFHxA results demonstrate the contamination by 
alternatives to PFOA in the surface sediments collected from 
Osaka Bay and Kii Channel.

The numbers of PFCAs detected in the sediments differed 
among the sampling stations. At Osaka Bay (Stns. O-1 to O-4) 
and Kii Channel (Stns. K-0 and K-1), 10 species of PFCAs 
were detected, whereas at the other sampling stations, five 
species of PFCAs at most were detected. The difference in the 
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number of PFCA species detected in the surface sediments 
might be attributable to the difference in the composition of 
PFCAs in the terrigeneous load. For example, Osaka Bay is 
significantly affected by the terrigeneous load from the Yodo 
River (catchment area: 8,240 km2, yearly average discharge: 
267.51 m3 s−1). The dominant component of PFCAs in the 
Yodo River and its major branch flows were PFOA, PFHpA, 
PFNA, PFDA, and PFUnDA [21]. Thus, the detection of 
many PFCA species in the Yodo River implies their use and 
formation in the Yodo River catchment. Kii Channel is af-
fected by the intrusion of sea water derived from Osaka Bay. 
The long-chain PFASs were adsorbed suspended particulate 
matter (SPM) in river and transported to ocean [17]. We thus 
speculate that the large number of PFCAs species discharged 
from the Yodo River to Osaka Bay flow out to Kii Channel 
and were thus detected in the surface sediment at Osaka Bay 
(Stns. O-1 to O-4) and Kii Channel (Stns. K-0 and K-1).

In contrast, the northern part of Harimanada is affected 
by the terrigeneous load from the Kako River (catchment 
area: 1730 km2, yearly average discharge: 45.89 m3 s−1). The 
dominant components of PFCAs in the Kako River were only 
PFOA and PFBA [13], indicating that the number of PFCA 
species discharged from the Kako River to the northern part 
of Harimanada was much smaller than the number of PFCA 

species in Osaka Bay discharged from the Yodo River. We 
therefore hypothesize that the number of PFCA species de-
tected in the surface sediments from Harimanada was much 
lower than those of Osaka Bay and Kii Channel. However, 
the composition of PFCAs in these river waters and in these 
sediments were not in good agreement with each other. This 
might be due to the difference in the partitioning coefficients 
of each PFCA between sediment and the dissolved phase 
[4,22]. For example, in the cause of PFCAs, an increase of 
the organic carbon normalized partition coefficient between 
sediment and water (log KOC) with increasing number of 
perfluoroalkyl moieties could be observed from PFHpA to 
PFUnDA [4,22].

We analyzed the vertical profile of the PFCAs in the 
surface sediment samples collected from Stn. O-1 because 
we were able to collect an undisturbed core sample at that 
station (Fig. 3). Sediment core dating was conducted using 
the 137Cs and 210Pb dating techniques. Based on the excess 
activity of the isotope Pb210, the sedimentation rate was 0.956 
cm y-1 for the year of 1968–2015 and the surface layer at the 
depth 0–10 cm was slightly affected by bioturbation, and we 
thus interpret the PFCAs detected in the 0–10-cm layer as 
the average concentration of PFCAs from 2005 to 2015. The 
total concentration of PFCAs at Stn. O-1 was peak at 1995 to 

Fig. 2  Percent composition of PFCAs in surface sediments from the Seto 
Inland Sea.
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2000 (0.97 ng g−1). The year of the PFCAs’ peak was substan-
tially consistent with that of Tokyo Bay (2001 to 2002), Japan 
[23]. PFTeDA was detected after 1989. PFOA was detected 
in 1989–1995, whereas PFOA was below the quantification 
limits (< 0.06 ng g−1) after 1995. In contrast, PFHxA was 
newly detected in after 1995; it was below the quantifica-
tion limit (< 0.03 ng g−1) before 1995. These data reflect the 
changes in the manufacturing process of fluororesins. More 
recently, some manufacturers have used PFHxA used as an 
alternative to PFOA because PFHxA is less toxic than PFOA 
[24]. However, the year of PFHxA detection in the sediment 
core sample was approximately 10 years earlier than the year 
of the changes in manufacturing process of fluororesins. It is 
possible that horizontal sediment pore water migration for 
short chain PFCAs can change the vertical contamination 
profile of sediment core samples [23]. It is considered that 
PFHxA in sediment pore water of the surface layer migrated 
to the deeper layers.

A positive correlation was reported between the concen-
trations of some per- and polyfluoroalkyl compounds and the 
organic matter concentration in sediment from Tokyo Bay. 
Organic matter may have an influence on the distribution of 
PFASs in the sediments of Tokyo Bay [23]. In contrast to 
Tokyo Bay, we did not detect a positive correlation between 
the PFCA concentrations and the orgasmic matter concentra-
tion in the sediment from the Seto Inland Sea (r = 0.496, 
p < 0.06). However, we observed a significant positive cor-
relation between the PFCA concentrations in the sediment 
samples and the sedimentation rates [25–29] near the sam-
pling stations (r = 0.935, p < 0.00003; Fig. 4) except for Kii 
Channel (Stns. K-0 and K-1; because no sedimentation rate 

data were available, we could not evaluate the relationship at 
K-0 and K-1). As shown in Fig. 4, the PFCAs concentrations 
in the surface sediments at the sampling sites (except for 
those in Kii Channel) were controlled by the sedimentation 
rate. The organic matter in the surface sediments originated 
from marine particulate organic matter (POM) because the 
carbon and nitrogen isotopes corresponding to the δ13C and 
δ15N values of the sediment collected from the Seto Inland 
Sea ranged from −21.41 to −20.31 and from 5.28 to 8.79, 
respectively [25]. The PFASs with a high partitioning coeffi-
cient could interact with SPM at the particle/water interface, 
leading to the removal of the PFASs from the water column 
and their accumulation in sediment [22]. We therefore specu-
late that the sedimentation of marine POM-adsorbed PFCAs 
is one of the driving forces in the accumulation of PFCAs in 
sediment of the Seto Inland Sea. We thus roughly estimated 
the sedimentation flux from the sedimentation rate [26–29] 
and the concentration of PFCAs in the sediments (Fig. 5). 
We observed a relatively high sedimentation flux of PFCAs 
(110–270 pg cm−2 y−1) at the center of Osaka Bay (Stns.HI-1, 
HA-2, O-M1, O-2 and O-4).

The concentrations of PFSAs in the sediment sam-
ples

The concentrations of PFBS, PFHxS, and PFDS in the 
sediments were below the limit of detection (< 0.02 ng g−1) 
at all sampling stations (Table 3). In contrast, PFOS was 
quantified at the center part of Osaka Bay; that is, the PFOS 
concentrations were high at Stations HI-1 (0.12 ng g−1), HA-
M1 (0.13 ng g−1), HA-2 (0.15 ng g−1), and O-M1 (0.16 ng g−1) 
compared to those at the other 11 stations (below the limit 

Fig. 3  Vertical profile of PFCAs concentrations in sediment collected from Stn. O-1.
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of quantification: < 0.06 ng g−1; Table 3). Compared to the 
concentrations of PFSAs in the sediments from different 
areas worldwide (Table 4), the surface sediments from the 
Seto Inland Sea were at an equal or lower pollution level. 
The rough estimates of sedimentation flux of PFOS were as 
follows: 33 pg cm−2 y−1 at Stn. HI-1, 18 pg cm−2 y−1 at Stn. 

HA-M1, 51 pg cm−2 y−1 at Stn. HA-2, and 48 pg cm−2 y−1 at 
Stn. O-M1.

The vertical profiles of PFOS are summarized in Fig. 6. 
PFOS was detected in 1984–2005, but the PFOS was below 
the quantification limit (< 0.06 ng g−1) in 2005–2015, which 
is consistent with the eventual regulation of PFOS under the 

Fig. 4  The relationship between the sedimentation rate and the concentra-
tions of PFCAs in surface sediments from the Seto Inland Sea.

Fig. 5  The sedimentation flux of PFCAs in the Seto Inland Sea.
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Stockholm Convention on Persistent Organic Pollutants. 
After 2009, the production, use, import, and export of PFOS 
were strictly controlled under the Stockholm Convention.

CONCLUSIONS

The results of our investigation demonstrate that the 
concentration of PFCAs in surface sediments from the Seto 
Inland Sea, Japan was controlled by the sedimentation rate. 
The concentrations of PFCAs in the surface of sediments 
from the Sea ranged from 0.05 to 0.67 ng g−1. PFUnDA was 
detected at all 15 sampling stations, and its concentration 
ranged from 0.05 to 0.24 ng g−1. PFHxA which is used as an 
alternative to PFOS and PFOA was also observed in Osaka 
Bay and Kii Channel. Hence, the PFASs contamination in 
the surface sediment from Osaka Bay and Kii Channel is 
shifting to alternatives to PFOA. In contrast, PFOS was de-

tected only at the center part of bays in the Sea. Continuous 
monitoring and assessments of alternatives to PFOA remain 
necessary to reveal the historical change of emission of al-
ternatives.
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Table 3  Concentrations of PFSAs in the surface sediment (0–5-cm layer) from the Seto Inland Sea, Japan (ng g−1 d.w.).
Stn. PFBS PFHxS PFOS PFDS
A-1 < MDL < MDL < 0.06 < MDL
A-M1 < MDL < MDL < 0.06 < MDL
A-2 < MDL < MDL < 0.06 < MDL
HI-1 < MDL < MDL 0.12 < MDL
B-1 < MDL < MDL < 0.06 < MDL
HA-1 < MDL < MDL < 0.06 < MDL
HA-M1 < MDL < MDL 0.13 < MDL
HA-2 < MDL < MDL 0.15 < MDL
O-1 < MDL < MDL < 0.06 < MDL
O-M1 < MDL < MDL 0.16 < MDL
O-2 < MDL < MDL < 0.06 < MDL
O-3 < MDL < MDL < 0.06 < MDL
O-4 < MDL < MDL < 0.06 < MDL
K-0 < MDL < MDL < 0.06 < MDL
K-1 < MDL < MDL < 0.06 < MDL
MDL: Method detection limit (< 0.02 ng g−1).

Table 4  Concentrations of PFSAs in sediments from different areas worldwide (ng g−1 d. w.).
Location Year PFBS PFHxS PFOS PFDS Reference
Seto Inland Sea, Japan 2016, 2017 < 0.02 < 0.02 < 0.06-0.16 < 0.02 This study
Lake Hazen, Canada 2011 0.022 < 0.003 0.016 – [16]
Yellow River, China 2013 MDL–0.441 – 0.192–0.710 – [17]
Elbe Estuary, Germany 2016, 2017 – < 0.036–0.16 < 0.012–0.37 – [4]
Baltic Sea, Germany 2016, 2017 – < 0.036 0.074–0.38 – [4]
Dong Nai River etc., Vietnam 2013–2015 < 0.34–0.57 < 0.04–18.3 < 0.08–6.72 < 0.30–0.85 [18]
Jucar Basin, Spain 2010 2.17–29.2 MDL 0.06–9.83 MDL [19]
Bering Sea, Chukchi Sea 2010 0.01–0.60 0.02–0.15 0.03–0.20 0.01–0.09 [20]
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